The control of electrostatic charge on particles in gas-solids pipe flow has been studied experimentally and theoretically. Alumina particles of 3.3 µm in count median diameter were dispersed in airflow and pneumatically transported in the dilute phase. Five different materials were used for the transport pipes, and the relationships between the particle charge and the pipe length were obtained. The polarity and the amount of particle charge were found to depend on the pipe material and the length. In order to control the particle charge, a system combining two different pipe materials was proposed depending on the particle-charging characteristics. The charge controlled by this method was in good agreement with the theoretical calculation.
I. INTRODUCTION
Particles are often electrostatically charged by contact with walls during powder-handling operations, and the electrostatic charge causes problems such as particle deposition and adhesion [1] [2] [3] . Also, when particles are charged excessively, electrostatic discharge will occur, and cause fire and explosion hazards [4, 5] ; thus, it is important to clarify the contact charging between different materials [6] [7] [8] [9] . Research on the impact charging of particles on a plate [10] [11] [12] [13] [14] and the charge transfer in gas solids pipe flow [15] [16] [17] [18] [19] [20] enables us to understand the particle-charging mechanism to a certain extent; however, it is still difficult to control the charge on particles with high precision.
In general, the control method of the charge on particles is divided into (i) electrostatic discharging such as self-discharging [21] and neutralization by adding ions of opposite polarity and (ii) electrostatic charging such as corona charging and tribo-charging [23, 24] ; however, there are few reports on the simultaneous control of charging and discharging.
When particles are charged by impact on a wall, the polarity of the charge on particles depends on the wall material. Also, for a mixture of different kinds of particles, electrostatic separation is carried out using the difference in the polarity of the charge obtained by repeated impacts [25] [26] [27] . Applying such knowledge and experience, the charge on particles may be controlled by impact charging; however, the details of the methods to control the charge and to evaluate the factors required for the system are not established yet.
In the present paper, in order to study particle charging caused by repeated impacts on a different wall, we pay attention to the charging in dilute-phase gas-solids pipe flow. The results obtained using five kinds of pipes are quantitatively analyzed by a theoretical model of the particle-charging process. On the basis of the above consideration, we present a charge control method using two different wall materials, in which the distribution of particle charge as well as the average is studied. Figure 1 shows a schematic diagram of the experimental apparatus. Micrometer-sized particles were continuously fed using a table feeder (MFOV-1, Sankyo Pio-tech). To improve the continuous stability of powder feeding at a low flow rate, we applied a method to suck the particles directly from the powder bed formed on the rotating table into a capillary tube less than 1 mm in inner diameter [18, 19] . The air that was supplied from a compressor was dried through a condenser and maintained at a relative humidity of 10%. The particles were dispersed into the airflow through an ejector (VRL 50-080108, Nihon Pisco). Charging pipes were 6 mm in inner diameter, 0.5, 1, 2, and 3 m long, and made of five different materials, i.e. two kinds of stainless steel (JIS, SUS 316 and SUS 304), aluminum, copper, and brass. The pipes were formed in a spiral to increase the efficiency of particle charging; the radius of the curvature was 80 mm. The average air velocity in the pipes was maintained at 40 m/s, in which no particle deposition layer was formed. To avoid the effect of contacts or impacts between particles on particle charging, all the experiments were conducted at a low mass flow ratio (5×10 -4 kg-particle/kg-air) [19] .
EXPERIMENTAL APPARATUS AND PROCEDURES
The charge and mass of each particle were measured at the inlet and outlet of the charging pipe using an electrical single-particle aerodynamic relaxation time analyzer (E-SPART analyzer, Hosokawa Micron). The number of particles sampled for each measurement was over 6000. The charging pipe was connected to the ejector with a polyurethane tube. Although there was no special technique for the control of particle charge at the inlet of the charging pipe, the charge was less than 0.1 mC/kg, which was sufficiently small as compared to the charge obtained in the charging pipe.
The powders used were alumina, 3.3 µm count median diameter, 1.6 geometric standard deviation, and particle density 4000 kg/m 3 . A scanning electron microscopy (SEM) image of the particles is shown in Fig 2. These particles were dried at 110 °C over 12 h and cooled down to room temperature in a desiccator. Figure 3 shows the relationships between the average of the specific charge of particles m q and the pipe length L, which were obtained from the experiments using the five different kinds of charging pipes. The particles were charged positively by contact with the walls of the two kinds of stainless steel, i.e. SUS 316 and SUS 304, and no distinct difference was observed in the levels of particle charging. As for aluminum, copper, and brass, the particles were charged negatively, in which the charging level for the aluminum pipe was rather small. The absolute value of the specific charge increased with the pipe length but the rate of increase gradually decreased and the charge approached an equilibrium value corresponding to the wall material.
RESULTS AND DISCUSSION

Effect of wall material on particle charging
According to a theoretical model of the charge on a particle obtained by repeated impacts on a metal wall, the particle charge q is represented by [11, 29] .
where q0 is the initial charge of the particle at n=0, q∞ is the equilibrium charge at n=∞, n is the number of impacts, and n0 is the characteristic number depending on the state of contact between the particle and the wall.
Each particle in a powder usually has a different diameter; thus, the amount of particle charge is not constant. In order to formulate the particle charging in gas-solids pipe flow, the average specific charge m q should be used instead of the charge on a particle q. Although the number of impacts n is an important factor for particle charging, it is difficult to measure the number of impacts in the pipe. When the flow in the pipe is fully developed, the frequency of the particle-wall impacts per unit pipe length will be constant, and the number of impacts n is proportional to the pipe length L.
Therefore, the average specific charge m q can be represented by:
where 0 m q and ∞ m q are, respectively, the initial and equilibrium values of the average specific charge, and L0 is the characteristic length of the particle charging.
The curves in Fig. 3 are obtained by fitting the experimental data to (2) . The experimental results are found to be in good agreement with the calculated ones. In these calculations, 0 m q is supposed to be zero, and the values of Table 1 .
∞ m q was in the range from -8.6 to 7.5 mC/kg, L0 was from 0.63 to 1.13 m,
and these values varied depending on the wall materials, i.e. stainless steel > brass > copper > aluminum. The order agrees qualitatively with that of the hardness of the materials. This is probably caused by the contact area between a particle and a wall.
Since the contact area decreases with the increase in the hardness of the surface, the number of impacts for particle charging is larger for a harder surface.
Also, particle charge fraction γq (the level of charge) is derived from (2), i.e.:
Substituting L =3 m and the characteristic values of L0 listed in Table 1 into (3) gives the particle charge fraction for the maximum pipe length in this experiment, e.g. γq = 93% for SUS316 and 99% for aluminum, and the facts show that the particle charge is almost in equilibrium at L =3 m. Figure 4 shows the charge distributions of alumina particles after passing through different lengths of stainless steel pipes. Although the average specific charge for L=0 is nearly zero, the values of particle charge are found to be widely distributed, including both positive and negative charges. The fraction of positively charged particles increases with the pipe length; however, there is little difference in the distributions over 2 m. This also shows that the particle charge is almost in equilibrium. Figure 5 shows the effect of the wall material on the distribution of the surface charge density of particles. The charge distributions for two kinds of stainless steel pipes are similar to each other. The common characteristic features are as follows; the median value of the charge distribution is positive and the distribution curve is symmetrical. For the aluminum pipe, the median value is nearly zero; however, the distribution curve is extended toward a negative charge. As for copper and brass, the charge distribution curves are very different from those mentioned above; i.e. they are obviously asymmetrical and many particles were charged negatively. Here, it is worth noting that the polarity and the distribution of the particle charge depends on the wall material, and the maximum absolute value of surface charge density is as large as 6×10 -5 C/m 2 .
Effect of initial charge on particle charging
The polarity and the amount of the charge on particles can be changed depending on the wall material. To systematically study the particle charging, we performed a series of experiments; i.e., particles were pre-charged by the first pipe and charged by the second pipe made of different material. Figure 6(a) shows the results obtained using brass for the first pipe and stainless steel (SUS316) for the second pipe.
The initial charge of particles entering the second pipe can be changed by the length of the first pipe. The particles obtain positive charge by contact with the stainless steel, and the amount of transferred charge increases with the amount of the negative initial charge. Fig 6(b) shows the results obtained using the pipes arranged in the reverse order. Although the polarity of the charge is different from that in Fig. 6(a) , the qualitative feature of the charge transfer is similar.
To discuss the charge transfer, we focus on the variation of the average specific charge m q with respect to the pipe length L. The differential equation is derived from (2) The curves obtained by fitting the experimental data to (2) are also shown in Fig. 6 . The values used for the calculations are listed in Table 2 . For SUS316, ∞ m q ranges from 6.7 to 7.5m C/kg, L0 ranges from 0.90 to 1.15 m. As for brass, q and smaller characteristic length L0. These facts suggest that highly pre-charged particles hold a part of the initial charge. On the other hand, such highly pre-charged particles easily release the charges in the early stage and therefore the characteristic length L0 is shorter. Figure 7 shows all the data obtained from the system connecting the first and second pipes in series. In Fig. 7 (a) , the first pipe is brass and the second pipe is SUS316, while the first pipe is SUS316 and the second pipe is brass in Fig. 7 (b) . The open symbols represent the data for SUS316 and the closed symbols are for brass. The lines are calculated using (2) with the average values listed in the last column of Table   2 . The solid lines and the dotted lines correspond to the data for SUS316 and for brass, respectively. The calculated lines are well fit to these data even though an average value is used instead of the best-fit values for each data, which strongly supports that (2) represents the main feature of the electrification process of particles.
Comparison between theory and experimental results
Control of charge on particles
The above results suggest the possibility that the charge on particles is controlled within a desired region, based on the equilibrium charges determined by two different kinds of pipes. Figure 9 gives the results obtained by 0.5-m pipes instead of 1-m pipes in Fig. 8 .
It is clear that the specific charge in Fig. 9 is within a narrower range as compared to that in Fig. 8 , and the calculated lines are well fit to these data.
Although the specific charge is affected by the initial charge at the early stage of this system, the upper and lower limits of the particle charge settle at constant values after passing through several pipes connected in series. The upper limit q mA * for pipe A and the lower limit q mB * for pipe B are given by (see Appendix A): where ∆LA and ∆LB are the pipe lengths, LA0 and LB0 are the characteristic lengths, and the subscripts A and B denote the pipes A and B, respectively.
As the pipe length ∆LA, ∆LB → 0, the limiting values of the charge satisfy the relation: q m* = q mA* = q mB*. In the case that the length of the pipes A is different from that of the pipes B, the limiting value q m* depends on the ratio of pipe length r.
Substituting ∆LA=r∆LB into (5) If the inner surface of the pipe is composed of two materials A and B with a certain surface coverage ratio r at any position, the condition of ∆LA, ∆LB → 0 is satisfied and the final average specific charge q m* can be controlled. 
Control of charge distribution
CONCLUSIONS
Electrostatic charge on particles in dilute phase gas-solids pipe flow has been studied with alumina particles of 3.3 µm in count median diameter. In order to obtain the basic information on the control of the particle charge, average specific charge and the charge distribution have been studied in detail using the transport pipes made of different materials. The results obtained are summarized as follows:
(i) The polarity of the average specific charge of particles depends on the wall material of the transport pipe; alumina particles were charged positively for the stainless steel pipes, while they were charged negatively for the aluminum, copper, and brass pipes.
(ii) The amount of average specific charge increases with the pipe length. The rate of increase in the particle charge decreases gradually, and the charge approaches a unique equilibrium value corresponding to the pipe material. The average specific charge is found to be represented by an exponential function of the pipe length, which makes it possible to quantitatively evaluate particle charging.
(iii) Even though the average specific charge is zero, the values of particle charge are found to be widely distributed, including both positive and negative charges. The charge distribution as well as the average charge varies depending on the pipe length and the material.
(iv) The average specific charge can be maintained within a certain range by connecting different kinds of pipes alternately, and the range is narrower as the length of each pipe is shorter. The distribution of particle charge is also controlled by this method.
APPENDIX A
A charge control system is composed of the same units consisting of two charging pipes A and B connected in series. q mAN and q mBN define the average specific charge of particles at the outlet of the pipe A and B, respectively, in the N-th unit, and the latter is given by:
In the same way, the average specific charge for the pipe A in the N+1-th unit q mAN+1 is given by:
Substituting (A-1) into (A-2) and using the relation of q mA*＝ q mAN＝ q mAN+1 give: 
APPENDIX B
Substituting ∆L A =r∆L B into (5) gives: . Effect of initial charge on particle charging [symbols are experimental data; curves are calculations using (2) and the fitting parameters are listed in Table 2 ]. 
